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Abstract. Molybdenum based materials are gaining importance as electrocatalysts for hydrogen evolution
reaction because of their low cost and good electrocatalytic efficiency. Introducing iron nitridewithmolybdenum
nitride as a composite results in efficient hydrogen evolution activity with current density of ∼120mA/cm2 at
−400 mVvs. RHE. The nanocomposites were characterized using powder XRD, Scanning ElectronMicroscopy
(SEM), Transmission ElectronMicroscopy (TEM), ElectronDiffraction, Thermogravimetric Analysis and FTIR
Spectroscopy. The electrochemical investigations suggest that the electrocatalytic activity of the composite
increases with iron nitride content. The composite exhibits good electrochemical stability upto 42 hours in
acidic medium. The hydrogen evolution reaction (HER) follows Volmer-Heyrovsky mechanism where Volmer
reaction is the rate determing step.
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1. Introduction
The hydrogen evolution reaction (HER) is the essential
reaction to produce hydrogen fuel fromwater. Hydrogen
produced in this manner can be stored and transported
more easily. However, the energy barrier of the reac-
tion to generate hydrogen restricts its overall efficiency
of hydrogen production. Efficient production of hydro-
gen therefore requires efficient catalysts. Unfortunately,
the use of the best HER catalyst (i.e., Pt) for renew-
able H2 production1,2 is restricted due to its scarcity
and high cost. These limitations have driven extensive
efforts to design and develop non-noble metal based
electrocatalysts which are stable under acidic medium,
unlike Ni-based HER catalysts which are only stable
under alkalinemedium.1 Notable development has been
made in the past 3–4 years in acid-stable HER cata-
lysts, resulting in excellent HER activity for transition
metal carbides,3–5 nitrides,6 phosphides,7,8 sulfides9–12
and borides.13,14 However, the most important parame-
ter for HER is the moderate binding of hydrogen atom
on the surface of the catalyst. Pt exhibits best HER per-
formance as it has the optimum binding of hydrogen
(Pt-H binding energy = −0.33 eV) and all the reac-
tions steps for hydrogen evolution are thermo-neutral.15
*For correspondence
†Dedicated to the memory of the late Professor Charusita
Chakravarty.
The theoretical investigations find that the d-band of the
transition metal contributes to the M-H bond where the
d-band center plays the most important role. In ‘Mo’
based compounds, the d-band center is shifted down
relative to the Fermi level which enhances the ability of
Mo atoms to donate electrons which in-turn decreases
the H-binding energy to an optimum energy favourable
for hydrogen adsorption on the surface (Volmer pro-
cess).16 Molybdenum nitride based nanostructures were
reported to be potential electrocatalysts for HER in
acidic medium.17,18 Matanovic et al., have shown the
efficient binding ofH2 andHondifferent binding sites of
γ−Mo2N where perfect, defect-free surfaces of (100),
(101), (111) and surface with defects (111) have higher
hydrogen adsorption energies for bridging and fcc bind-
ing sites than those of top binding sites.19 Chen et al.,
have demonstrated highHERactivity ofNiMoNx/Ccat-
alyst16 with overpotential of 78 mV and Tafel slope of
35 mV dec−1. Cao et al., have reported a highly active
and stable Co-doped MoN electrocatalyst where ternary
Co0.6Mo1.4N2 is very much effective for HER activ-
ity compared to binary δ − MoN.20 Xie et al., have
demonstrated the HER activity of atomically thinmetal-
lic MoN nanosheets where Mo atoms play the crucial
role for transforming protons into hydrogen.18 Bimetal-
lic nitride systems like Ni-Mo-N catalyst were found
to contain a mixture of phase Ni-doped Mo2N and a
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Ni2Mo3N(Mo3Al2C−type)phase inwhichMo is having
valence near to zero and is important for HER activ-
ity.16 Both low electrical resistance and good corrosion
resistance are the promising factors for transition-metal
nitrides for electrocatalytic applications.21
Molybdenum-nitrogen systems have different
crystalline phases22 such as α−MoNx, β−Mo2N, γ
−Mo2N and δ− MoN. In α-phase, N content is very
low (0–1.08%) and maximum concentration of nitrogen
(1.08%) has been reported at the eutectic temperature of
1860◦C. β-phase has tetragonal structure with nitrogen
content of 28.7 to 35% and is stable at low tempera-
ture. γ-phase having face centered cubic structure, is
formed at high temperature (above 760◦C) with nitro-
gen content of 27–35%. The only stoichiometric phase
(δ−MoN) has hexagonal structure and is formed around
1000◦C. Along with this, a new phase of Mo-N sys-
tem has been reported recently23 where the nitrogen rich
phase (MoN2) adopts a rhombohedral structure, isotopic
to MoS2.
In this report, iron nitride based Mo2N composite
were synthesizedwhere in situgrowth ofN-dopedCNTs
were observed. The presence of N-doped CNTs were
evident from microscopy and spectroscopic studies.
CNTs enhance the overall conductivity of the com-
posites facilitating the charge transfer process at the
electrode | electrolyte interface leading to facile HER
process. The composites exhibit much higher HER
activity compared to bare counterparts.
2. Experimental
2.1 Materials and synthesis
Ammonium Molybdate (CDH chemicals, India), Ferric
Nitrate (Fisher scientific, India) and Melamine (CDH chemi-
cals, India) were usedwithout any further purification. Nafion
was purchased from Sigma Aldrich. Double distilled water
was used in all the experiments.
Molybdenum nitride was prepared by dissolving ammo-
nium molybdate as a source of molybdenum with melamine
as a source of nitrogen in double distilled water and stirring
the resultant solution at 60−80◦C leading to complete dry-
ness. The resultant powdered compound was annealed in the
furnace at 600◦C for 10 h in Argon atmosphere.
The composites of iron nitride and molybdenum nitride
were prepared in a similar way by dissolving ammonium
molybdate, melamine and iron(III) nitrate in double distilled
water and stirring the resulting solution at 60−80◦C leading
to complete dryness. The resulting powdered compound was
then annealed in the furnace at 600◦C for 10 h in Argon atmo-
sphere. The amount of iron(III) salt addedwas varied as 4.7%;
14%; 42% and 100% (atomic percentage) and the composites
were marked as MN-Fe25, MN-Fe50, MN-Fe75 and Fe100,
respectively. The composition of 100% iron does not contain
any ammonium molybdate.
2.2 Characterization
Powder X-ray diffraction measurements were carried out on
a Bruker D8 Advance. TEM specimens were prepared onto a
carbon coated copper grid by drop cast of the nanocomposites
dispersion in ethanol and then it was dried in air. The surface
morphologies of all the synthesized samples were analyzed
using a Field Emission Scanning Electron Microscopy (FEI
QUANTA 3D FEG) operating at an accelerating voltage of
10 kV. Thermogravimetric analysis (TGA) of the samples
have been carried out using Pyris 1 instrument (Perkin Elmer)
operated at 50−900◦C at N2 atmosphere.
2.3 Electrochemical studies
Linear Sweep Voltammetry (LSV), Cyclic voltammetry (CV)
and impedance measurements were carried out using an elec-
trochemical workstation (Autolab PGSTAT302N). Hydrogen
evolution reactions were studied by using the nanocompos-
ites coated on glassy carbon electrode where Ag/AgCl was
the reference electrode and Pt was the counter electrode. A
slurry was obtained by sonicating the mixture of 2 mg of the
nanocomposite, 20μL of isopropanol and 20μL of Nafion.
20μL of this slurry was carefully drop-casted on the working
electrode and dried for 10 min. All the three electrodes were
placed in a freshly prepared 0.5 M H2SO4 solution. Linear
Sweep Voltammetry was carried out at a scan rate of 5 mV/s
in the potential range of (0 to − 0.6 V). Cyclic voltammetry
was carried out at a scan rate of 10 mV/s in the potential range
of −0.5 to +1 V. Electrochemical impedance spectroscopic
measurements were carried out at different applied potentials
in the frequency range of 100 kHz to 0.1 Hz at an amplitude
of 10 mV. All the potentials were reported with respect to
reversible hydrogen electrode (RHE).
3. Results and Discussion
The reaction between ammonium molybdate and
melamine at high temperature results in molybdenum
nitride formation. Melamine initially produced NH3
during its condensation above 300◦C at furnace24 and
then NH3 reacts with Mo atoms to form Mo2N. The
formation of molybdenum nitride was confirmed from
the powder X-ray diffraction studies (Figure 1) where
the XRD peaks at 2 θ values of 37.69, 43.04, 64.26 and
75.34 are indexed to (112), (200), (220) and (312) crys-
tallographic planes, respectively, corresponding to the
β phase of Mo2N having tetragonal structure (JCPDS
751150). We have introduced iron nitride in com-
posite with Mo2N. During the synthesis, Fe-salt was
added in varying ratio with ammonium molybdate to
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Figure 1. Powder X-Ray diffraction of Mo2N and its com-
posites.
obtain composites with varying iron nitride content. The
reaction between Fe-salt with melamine at 600◦C in
Ar atmosphere leads to the formation of iron nitride
and the powder XRD pattern of the iron nitride has
been given in Figure S1a (Supplementary Information).
FTIR data (Figure S1b in Supplementary Informa-
tion) of iron nitride suggests the presence of peaks
at 1320 cm−1 (C-C and C-N), 1613 cm−1 (C=C and
C=N) and 2042 cm−1(C ≡ C or C ≡ N). This con-
firms the presence of N-doped CNTs with iron nitride.
TGA analysis of the iron nitride system suggests that
there are two decomposition temperatures at 550◦C and
695◦C. Higher decomposition temperature of 695◦C is
due to carbonnanotubes (CNTs). TGAanalysis suggests
almost 50% weight loss was observed which indicates
that∼ 50% (wt%) of the composite is due to CNTs (Fig-
ure S2 in Supplementary Information). The presence
of C-N bonds (FTIR) confirms that these are N-doped
CNTs. The EDAX studies of the FeNx system also sug-
gests that the Fe:N ratio is 1:1 (Figure S3a and Table S1
in Supplementary Information). However, presence of
N-doped CNTs indicates that iron nitride might have N
content (x) lower than 1.
The reaction can be represented as below:
melamine →melame + meleme
+NH3 →NH3 + residual product (1)
Ammonium molybdate →MoO2 N H3→ Mo2N (2)
Fe − salt + melamine →FeNx/CNTs (3)
Fe − salt + ammonium molybdate
+melamine → FeN x/Mo2N/CNT s (4)
To probe the surface morphology of Mo2N and
iron nitride based Mo2N nanocomposite, we performed
the Field Emission Scanning Electron Microscopy
(FESEM) measurements. Figure 2a shows Mo2N
nanoparticles assembled in a rod-like morphology.
There are also some broken particles as observed in
the SEM image. Interestingly, when Fe ions were intro-
duced in the reaction, instead of the rod morphology of
Mo2N, small particles were observed. Introducing Fe
in the system disrupts the rod assembly of Mo2N parti-
cles. In presence of Fe, formation of wire-like structures
was observed in the SEM images and the amount of
these wire structures increases as we increase Fe con-
tent in the composite (Figures 2b–d). These wire-like
structures were found to be carbon nanotubes (CNTs).
In the SEM images of the composites (Figure 2), the
presence of CNTs were clearly evident. Presence of
Fe in the reaction systems catalyzes the formation of
CNTs during the condensation of melamine. Therefore,
these CNTs may be N-doped CNTs as these are pro-
duced from melamine. The SEM and TEM images of
the Fe100 where iron nitride particles and CNTs were
observed homogeneously throughout the sample (Fig-
ure S4a, b in Supplementary Information). From the
Raman spectrum, it is clear that there are signature bands
for CNTs at 1356 cm−1 (D band), 1584 cm−1 (G band)
andRBMbands (Figure S4c in Supplementary Informa-
tion). There are two different RBM bands at 210 cm−1
and 279 cm−1 which confirm the presence ofCNTs (Fig-
ure S4c in Supplementary Information).Wehave carried
out TEManalysis of one of the samplesMN-Fe50where
Fe and Mo ratio is 14:86 (Figure 3). It shows the pres-
ence of aggregated Mo2N particles (Figure 3a) and the
presence of CNTs were also observed (Figure 3b). Elec-
tron diffraction suggests the polycrystalline nature of the
nanostructures (Figure 3c). The EDAX analysis shows
the presence of Mo and Fe in the composite (Figure 3d).
SEM EDAX quantification of these composites were
carried out to find out the Fe content in the compos-
ites (Figure S3). It suggests that MN-Fe25, MN-Fe50
and MN-Fe75 composites have 6%, 13% and 30% of
Fe content, respectively (Table S2 in Supplementary
Information). Thermogravimetric analysis (TGA) was
carried out inN2 atmosphere to look at theweight loss of
the composites upto 900◦C (Figure S5a in Supplemen-
tary Information). These composites were synthesized
at 700◦C in furnace and still they exhibit very small
weight loss (∼ 2−5%) upto 600◦C. After 600◦C, it
shows 10−20% weight loss due to the removal of sur-
face oxide impurities and CNTs. MN-Fe75 composite
exhibitsmaximumweight loss indicating that it contains
maximum amount of CNTs in composites. FTIR studies
of the composites did not exhibit any signature peaks for
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Figure 2. FESEM images of different Mo2N composites. (a) MN, (b) MN-Fe25, (c) MN-Fe50, and (d) MN-Fe75.
functionalities on CNTs (Figure S5b in Supplementary
Information).
3.1 Electrochemical studies
Hydrogen evolution reaction studies were carried out
using a three electrode system in 0.5 M H2SO4 aqueous
medium where Ag/AgCl and graphite rod were used
as reference and counter electrodes, respectively. Lin-
ear sweep voltammetry (LSV) studies were carried out
at a sweep rate of 5 mV/s and LSV data suggest that
Mo2N exhibit ∼60 mA/cm2 current density at −0.4 V
(Figure 4a). HER activity of Mo2N increases when we
introduced Fe into the system by making composites.
As we increase the Fe content in the composites, there
is enhancement in the current density. MN-Fe75 com-
posite having higher Fe content in the composite shows
highest current density of∼120 mA/cm2 at−0.4V (Fig-
ure 4a). However, the onset overpotential for HER
activity remained almost constant. This particularly sug-
gests that high Fe content enhances the H-desorption
process which results in higher current density. From
the FESEM and TEM studies, we observed that increase
in the Fe content in the composite results in forma-
tion of CNTs which increases the conductivity of the
composites as well as the HER activity. The control
synthesis without ammonium molybdate produces only
iron nitride which is not so active for HER processes
(Figure S6a in Supplementary Information). Therefore,
in situ growth of CNTs in the composites in presence
of Fe, drastically enhances the HER activity. The initial
high current density in these Mo2N-based composites is
due to pseudocapacitance of the material as mentioned
earlier.17 There is one reduction peak just before HER
process as observed in the LSV curve, due to Moδ+ to
Mo0 conversion and this redox peak results in pseudo-
capacitance which contributes to the overall catalytic
current density.
Three different reaction steps are involved in HER
process:25 (i) proton binds to themetal (catalyst) surface
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Figure 3. (a) TEM micrograph of MN-Fe50 showing aggregates of very small particles; (b) presence of
CNTs in the composite; (c) electron diffraction pattern; and (d) EDAX on assembled nanostructures.
(electrochemical adsorption process, known as Volmer
reaction), (ii) electrochemical desorption (Heyrovsky
reaction) or (iii) chemical desorption (Tafel reaction).
Volmer reaction:
H+ + e− + M (catalyst) MHads
(Acidic medium) (5)
Or, H2O + e− + M (catalyst) MHads + OH−
(alkaline medium) (6)
Heyrovsky reaction:
H+ + e− + MHads  M + H2
(acidic medium) (7)
Or, H2O + e− + MHads  M + OH− + H2
(Alkaline medium) (8)
And Tafel reaction:
2MHads  2M + H2 (9)
Therefore, theHERprocess can follow eitherVolmer-
Heyrovsky mechanism or Volmer-Tafel mechanism.
The reaction mechanism can be understood from the
Tafel slopes and potential dependent impedance stud-
ies.
To understand the mechanism of the HER processes,
Tafel slopes were calculated from the plot of overpo-
tential vs. Log (current density) where the slope (b) is
equal to the Tafel slope and from the intercept (a), the
exchange current density (Jo, at zero overpotential) can
be calculated from the equation below.
η = a + blnJ (10)
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Figure 4. Electrochemical hydrogen evolution studies. (a) Linear Sweep Voltammetry curve of the com-
posites; (b) Tafel slopes; (c) LSV curves before and after chrono studies; and (d) chronopotentiometric study
of MN-Fe75 composite at an applied current density of 20 mA/cm2.
Both Tafel slope and exchange current density sug-
gest the efficiency of the catalyst for HER process. The
calculated Tafel slopes from LSV data (Table S3 in Sup-
plementary Information) suggest much higher values
than the standard Tafel slopes of 120mV/dec for Volmer
reaction as rate determining step. Tafel slope is surface
coverage dependent which indicates that if the surface
coverage is very high, then it will have higher Tafel
slope.26 Therefore, prediction of the reaction mecha-
nism using Tafel slopes is very tricky and may lead to
misrepresentation of the mechanism. However, proton
adsorption is weak on Mo2N surface; therefore, higher
surface coverage with proton is difficult. Now, from
the LSV curve, it is evident that the enhancement of
Faradaic current density is observed at much higher
overpotential. Therefore, these Tafel slopes cannot help
much for understanding themechanism of the HER pro-
cess.
To investigate the stability of the catalyst in acidic
medium, chronopotentiometric study of MN-Fe75 were
carried out for∼40 hours at an applied current density of
20 mA/cm2 and it exhibits good electrochemical stabil-
ity. There is only 40mVchange in the overpotential after
40hours of chrono studies. TheLSVcurve after 40hours
of chrono studies suggests that there is no change in the
overall current density, i.e., overall hydrogen evolution.
The reduction peak at ∼−0.05 V vs. RHE is vanished
after chrono studies. This suggests that the contribution
of pseudocapacitance to the catalytic current density is
negligible. Now, the Faradaic current density is only due
to hydrogen evolution reaction. We have calculated the
Tafel slope from the LSV curve after chrono studies and
it exhibits a Tafel slope of 131mV/decwith an exchange
current density of 0.22 mA/cm2 (Figure S7 in Supple-
mentary Information).
Figure 5 shows the cyclic voltammogram of pure
Mo2N and nanocomposites in acidic medium. The
redox peaks are marked in the Figure. The peak (I) at
∼ 0.12 V is due to the oxidation of Mo0 to Mo3+/4+.
The potential of ∼ 0.65 V is due to the oxidation of
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Figure 5. Cyclic voltammogram of (a) MN, (b) MN-Fe25, (c) MN-Fe50 and (d) MN-Fe75 at a sweep rate
of 10 mV/s.
Mo4+ to Mo6+ (peak III). We have carried out electro-
chemical impedance (EIS) measurements to understand
the charge transfer resistance at the electrolyte|catalyst
interface during hydrogen evolution reaction. Increas-
ing applied bias from 100 mV to 250 mV, the semicircle
becomes smaller as evident from the Nyquist plot in
Figure 6a. At higher applied bias, the smaller charge
transfer resistance indicates higher electron mobility,
i.e., higher amount of hydrogen evolution. Similarly,
from the Bode phase diagram, the phase angle max-
ima decreases at higher applied bias (Figure 6b). We
have determined the resistance and capacitance values
by fitting the semicircle using Rs-Rct|Cdl equivalent cir-
cuit. However, we are unable to fit the spike at high
frequency region which is generally due to instrumen-
tal wiring and electrochemical setup. This initial part
(spike) at high frequency is not related to the HER pro-
cess because there is no change in the impedance on
applied potential. Here, low frequency region is related
to the HER process and we have determined the charge
transfer resistance (Rct) during HER process at differ-
ent applied overpotentials (Table S4 in Supplementary
Information). The charge transfer resistance decreases
exponentially and the double layer capacitance initially
increases and then decreases with applied overpoten-
tial. At different applied potentials, the double layer
capacitance increases due to greater proton adsorption
on the surface and after certain overpotential, viz., 200
mV, hydrogen desorption process becomes prominent
which results in decrease of the double layer capaci-
tance (Figure 6c). We have calculated the Tafel slope as
63 mV/decade from the Rct values (Figure 6d), which
suggests that it follows Volmer-Heyrovsky mechanism
for HER process.
We find that the composites certainly enhance the
HER process in acidic media. Introducing Fe in the
composite helps the formation of N-doped CNTs in the
system which enhances the electrical conductivity of
the composite. H-adsorption of Mo2N surface is very
weak which results in Volmer process to be the slow-
est step and it results in higher Tafel slope and poor
HER activity. Iron nitride in the composite enhances the
H-binding and facilitates the HER process on the com-
posite surface. CNTs in the composites enhanced the
overall conductivity of the composite which facilitates
the electron mobility during proton reduction. Thus, the
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Figure 6. Electrochemical impedance spectroscopic studies showing, (a) Nyquist plot of MN-Fe75 and
(b) Bode Plot ofMN-Fe75 at various applied bias. (c) Charge transfer resistance and double layer capacitance
at different applied potentials. (d) Tafel slope obtained from overpotential vs. Log (1/Rct) plot.
composite materials exhibit much higher HER activity
compared to bare Mo2N and iron nitride.
4. Conclusions
Transition metal based nitride (FeNx) composites with
molybdenum nitride were synthesized where in situ for-
mation of N-doped CNTs was evident. The presence of
N-doped CNTs in the composites drastically enhances
the electrocatalytic activity. Higher Fe content in the
composite results in higher amount of N-doped CNT in
the systems, which in turn results in higher HER activ-
ity with good electrochemical stability upto 42 hours
in acidic medium. Synergistic effect of Mo2N and iron
nitride in the composite affects the hydrogen binding at
the interface leading to higher HER activity. N-doped
CNT in the composites enhances the overall conduc-
tivity of the composite facilitating the charge transfer
process at the electrolyte | catalyst interface.
Supplementary Information (SI)
Figures S1–S7 and Tables S1–S3 are available in Supplemen-
tary Information at www.ias.ac.in/chemsci.
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